Introduction

11
Stratocumulus and shallow cumulus clouds in subtropical oceanic regions cover 12 thousands of square kilometers and play a key role in regulating global climate (e.g. 13 Tiedtke et al., 1988; Klein and Hartmann, 1993) . Stratocumulus cools the climate by 14 strongly reflecting incoming shortwave radiation, playing an important role in ocean-15 atmosphere interaction (e.g. Teixeira et al., 2008) , while cumulus clouds play a key role 16 in regulating the planet's evaporation and moisture transport to the deep tropics. 17
Numerical modeling is an essential tool to study these clouds in regional and global 18
systems, but the current generation of climate and weather models has difficulties in 19 representing them in a realistic way. Stratocumulus boundary layers in models are often 20 unrealistically shallow and have too little cloud (e.g. Duynkerke and Teixeira, 2001 ; Forecasting (WRF) model version 3.1 provides multiple parameterization choices, which 31 include nine PBL schemes, 12 microphysics and six moist convection parameterizations 32 (Skamarock et al., 2008) . In addition to a typical model structural drawback -an artificial 33 separation between turbulence and convection parameterizations, this long menu suffers 34 from a variety of issues including an uncertainty regarding the optimal combinations to 35 select. 36
In this study, we aim to investigate the performance of the various WRF PBL 37 schemes in cloud simulations of both marine stratocumulus and shallow cumulus. 38
Meanwhile, we also evaluate the ability of a new scheme (TEMF, described below) based 39 on the Eddy-Diffusivity/Mass-Flux (EDMF) concepts. We design a set of several WRF 40 single column model (SCM) simulations for three well-known Large-Eddy Simulation 41 (LES) case-studies based on field campaigns. Including the TEMF scheme, five PBL 42 parameterizations are examined against LES. Resolving the large eddies which are 43 responsible for the transport of mass, momentum and energy in the PBL, LES result has 44 been used to serve as a proxy of reality to guide the development of PBL 45 where ψ can be any scalar quantity, such as liquid water potential temperature ( l θ ), total 
Study sites 83
We perform a suite of simulations using the SCM version of WRF for 3 case-84 studies associated with field experiments, which are chosen because they have been 85 intensively studied using LES models. The three field campaigns are: 1) the second 86 (Hong and Pan, 1996) . 113
Note that YSU and MRF are classified as first-order schemes while the others are TKE 114 a http://www.knmi.nl/samenw/rico/index.html closure schemes, where a prognostic TKE equation is used to determine the eddy 115 diffusivity. All PBL schemes used in this study are listed in Table 1 . In addition, a moist 116 convection parameterization, the Kain-Fritsch scheme (Kain and Fritsch, 1993; Kain, 117 2004) , is selected for the non-TEMF SCM simulations of the BOMEX and RICO cases. 118
This allows us to compare the results using the existing WRF PBL schemes with TEMF 119 for shallow cumulus cases. The TEMF code used in WRF version 3.1 was a pre-released 120 version, TEMF was not released until version 3.3. However, the two versions are similar. 121
In WRF, the cloud microphysics component estimates the amount of various 122 types of condensed water (i.e. cloud, rain, and ice). Thus, for a given WRF PBL scheme, 123 the estimated cloud liquid water can vary with the choice of microphysics scheme. For 124 each PBL scheme used in this study, we perform nine simulations with each of the nine 125 available microphysics schemes, also listed in Table 1 results for DYCOMS-II (Fig. 2) , BOMEX (Fig. 3) and RICO (Fig. 4) Note that to show a more clear comparison, we plot the c q profiles in logarithm scale 141 (Fig 2c, 3c and 4c) . Quantitative statistics are listed in Table 2 . High correlation 142 coefficients for temperature and humidity profiles between SCM and LES are expected, 143 so we only show the root-mean-square error (RMSE) for these two terms. On the other 144 hand, because we focus on the vertical structure of cloud, instead of liquid water amount, 145
we calculate the correlation coefficient ( ρ ) between SCM and LES for the liquid water 146 term. 147
Stratocumulus case (DYCOMS-II) 148
While all l θ profiles are within the range of the LES ensemble, there are slight 149 differences in the inversion of the PBL (Fig. 2a) . In particular, near the entrainment zone 150 the MRF parameterization creates a small temperature inversion which could be an issue 151 due to numerical instability. All SCM experiments simulate comparable profiles of t q but 152 a small overestimate within the PBL is seen (Fig. 2b) . No significant difference is seen in 153 c q across PBL schemes (Fig. 2c) Fig. 3 shows the vertical profiles from the BOMEX case. For θ , TEMF and 161 MYNN provide the most realistic profiles, while MYJ is too cold and shallow, and YSU 162 leads to sub-cloud layers that are too deep (Fig. 3a) . For v q (Fig. 3a) , the 163 parameterizations show similar biases. The significant differences between the 164 parameterizations are clear for cloud liquid water. The c q profiles from all PBL 165 parameterizations are significantly larger than LES (Fig. 3c) 
Shallow Cumulus case II: RICO 176
Profiles for RICO are plotted in Fig. 4 . The results overall are similar to BOMEX, 177 which shows the robustness (or lack of it) of the various schemes. The TEMF (and to a 178 certain extent MYNN) parameterization is again superior to the others, producing profiles 179 of potential temperature (Fig. 4a) and water vapor (Fig. 4b) that are relatively close to the 180 LES ensembles. The liquid water figure (Fig. 4c) 
